Abstract: A novel phosphorus-containing unsaturated polyester resin/SiO 2 hybrid nanocomposite was prepared from the in-situ curing of unsaturated polyester resin (UP) and triethoxysilane (DI) which was synthesized from the nucleophilic addition reaction of 9,10-dihydro-9-oxa-10-phosphaphenanthrene 10-oxide (DOPO) and 3-(trieoxysilyl) isocyanate(icteos). The formation of unsaturated polyester resin/SiO 2 hybrid nanocomposite (UP-DI) was confirmed by infrared spectra (FTIR) and scanning electron microscopy (SEM). With the increase of DI contents, the limiting oxygen index (LOI) value of the cured UP-DIs was raised from 19 to 29, suggesting a significant improvement in flame retardance. The improved flame retardance could also be revealed by the variations of weight and morphology of char residues. Thermogravimetric analysis (TGA) both in air and in nitrogen was used to estimate mechanism of thermal degradation and activation energy (E a ) of different degree of conversion (α) was calculated by Ozawa's method. The UP-DI containing 10%DI (UP-DI10) had higher E a than the pure UP as α>5% because the degradation mechanism was altered by the incorporation of DI.
Introduction
Unsaturated polyester resins (UPs) are prepared by reaction of aliphatic diols with unsaturated and saturated diacids, and diluted with an unsaturated coreactant diluent like styrene [1] [2] [3] . Due to their high-performance properties and low cost UPs have been widely used as thermosetting resins in varied technologies like naval constructions, water pipes, building construction, automotive, electrical and electronic devices etc. Various stringent flame retardant standards for resins in electrical and electronic application fields are required for compliance, but typical UPs have very poor resistance to fire because of their intrinsic chemical composition and molecular structures [4] . structures to exhibit reduced flammability, but the presence of nanoclays alone could not confer acceptable levels of flame retardance. While 20-30 wt% conventional charforming flame retardants such as ammonium polyphosphate, melamine phosphate and alumina trihydrate were incorporated, the inclusion of small amounts of nanoclays (5-10 wt%) reduced peak heat release rate by 60-70%. However, the UPclay nanocomposites are opaque and cannot satisfy the increasing requirements for transparent flame-retarded application of thermosetting resin materials in advanced electronics [11] . Additionally, polymer/SiO 2 nanocomposites by a sol-gel process exhibit to some degree flame-retardance effect by the formation of the carbonaceoussilicate char building up on the polymer surface during burning [12] [13] [14] . Generally, the poor compatibility between organic polymer and silica gel results in aggregation of silica networks in an organic polymer matrix during the formation of the silica gel, and then the appearance of the obtained composite materials is turbid or phase separated. To prepare homogeneous and transparent polymer hybrids, the improvement of the compatibility between organic polymer and silica is necessary. There are two methods to prepare homogeneous and transparent polymer/SiO 2 hybrids. One is to improve the compatibility using the covalent bonds between the two phases. These polymer hybrids are prepared by the sol-gel reaction in the presence of alkoxysilane-modified organic polymers [15, 16] . Another is to introduce physical interaction such as hydrogen bonding [17] , π-π stacking [18] , and ionic [19] interactions between organic polymer and silica.
In present work, improved fire-retarded UP/SiO 2 nanocomposites with transparence have been explored. A nucleophilic addition reaction between 9,10-dihydro-9-oxa-10-phosphaphenanthrene 10-oxide (DOPO) [20, 21] containing 10% phosphorus flameretarded element and 3-(trieoxysilyl) isocyanate(icteos) are used to synthesize a silane coupling agent of triethoxysilane (DI). As a precursor of silica, DI is imported into UP by the in-situ curing to yield a novel transparent UP/SiO 2 hybrid nanocomposite (UP-DI). Here an amide structure of DI can provide hydrogen bond to interact with hydroxyl or carbonyl groups of UP chains and a good compatibility of organic-inorganic phase is anticipated. Furthermore, phosphorus and silicon exhibit notable synergistic efficiency on improving flame retardance of UPs through a condensed mechanism. The morphology, thermal and flame-retarded properties of the formed hybrid nanocomposite have been studied and discussed.
Results and Discussion

Characteration of DI
DI was synthesized according to reference [14] from the nucleophilic addition of DOPO and icteos using triethylamine as a catalyst. FTIR spectra of DOPO and DI are compared in Fig. 1 . It is found that the isocyanate absorption peak at 2275 cm -1 and P-H absorption at 2436 cm -1 disappear in DI spectrum, implying the completion of the nucleophilic addition reaction of DOPO and icteos. The aliphatic C-H absorption at 2925 cm -1 , amide absorptions at 3265 cm -1 , 1652 cm -1 and P=O absorption at 1195 cm -1 appear accordingly, indicating the formation of DI [14] .
Characterization of UP-DIs
UP-DIs are prepared according to Scheme 1, and the reaction process along with the illustrated microstructure of UP-DIs is clearly shown. Both UP and DI were well dissolved in THF. The sol-gel reactions of DI were easily carried out in the presence of UP due to the catalysis of carboxyl group. Hard composite monoliths were obtained after the sol-gel process. FTIR spectrum of UP-DI20 in comparison with DI is shown in Fig. 1 . The presence of characteristic peaks at 1400 cm -1 (P-ph), and 1197 cm -1 (P=O) demonstrates that the hybrid nanocomposite possesses phosphonate structure from DI. The absorption peak at 1080 cm -1 for Si-OEt is substituted by two evident peaks at 1118 cm -1 and 1055 cm -1 for Si-O-Si bands [22] , implying that the completion of sol reaction of DI and H 2 O and the formation of silica structure in the hybrid. The structure of the cured UP-DI is confirmed by FTIR spectra.
The compatibility between organic and inorganic phases of UP-DIs can be judged by the appearance transparency and SEM morphologies of the samples [13] . All three UP/SiO 2 hybrid materials are transparent and clear, even though their colour are relatively deep brown due to oxidation; that is, the particle sizes of formed SiO 2 networks are on a nanometer scale, and no macro phase separation exists. SEM photographs of fractured surface and Si-maping of UP-DI20 are shown in Fig. 2 . It is found that the surface of UP-DI20 is continuous and homogeneous in different magnification times, implying good compatibility between silica and UP networks. Furthermore, homogeneous SiO 2 networks were also observed from the silicon distribution mapping in Fig. 2c , which was taken from an energy-dispersive X-ray analysis observation. To understand the influence of DI content on char residue and then correlate with their burning behavior, char residues from different samples were obtained and prepared for SEM scan as previously described [23] . The results are shown in Fig. 3 . A little of powder remained from the pure UP after burning. UP-DI5 forms some char covering on the surface of the sample and the amounts of char residue for UP-DI10 and UP-DI20 increase significantly. A clear difference in morphology of four chars can be observed. The residue particles of pure UP are piled loosely while the char surface of UP-DIs with DI tends to form a compact porous carbon layer. The residue particles can be found in UP-DI5 photograph (Fig. 3b) while UP-DI10 and UP-DI20 forms a consolidated char, especially UP-DI20 residues became a continuous smooth structure with a few small pores (Fig. 3d) . Moreover the amount and size of pores are related with DI contents. The amount of pores in UP-DI20 is fewer than that in UP-DI10, and the size of pores is smaller in UP-DI20 than that in UP-DI10. The increased residuals and the surface variations of UP and UP-DIs demonstrate that phosphorus and silicon play critical roles in the flame retardance improvement of UP-DIs. The weight content variations of P, Si, O and C in UP-DI10 before burning and after burning determined by energy dispersive spectrometry (EDS) are shown in Fig. 4 . After burning, the content of P increases from 0.08% to 1.7% and the content of Si increases from 1.9% to 11.4%. Under heating, phosphorus-containing groups first decompose to form a phosphorus-rich residue layer through an acid-induced dehydration mechanism [16, 17] which helps to prevent further thermal degradation of the UP polymer. In the same time, silica is driven to the surface of sample due to low surface energy to enhance resistance oxidation of the char. As a result, phosphorus c a b
and silicon at high temperatures are able to work together to form a protective layer with high resistance to heating and oxidation and raise the LOI values of UP-DIs. 
TG analysis in nitrogen
The thermal degradation behaviors of UP/SiO 2 hybrid nanocomposites were investigated by TGA. TGA curves in nitrogen for the pure UP and UP-DIs are shown in Fig. 5 . UP-DIs follow similar weight loss profiles to that of pure UP and show an evident weight loss stage. The weight loss of the pure UP below 300 °С is small and the main loss weight occurs in the range of 300~490 °С. Compared with that of the pure UP, the weight loss of UP-DIs increases below 300 °С, which is maybe due to the decomposition of the DOPO group containing the P-O band of low bond energy [12] . The weight loss of UP-DI20 attains 12% below 300 °С. The T 5 of UP-DIs is relatively lower than that of the pure UP as listed in Tab.1, and decreases with the increase of DI contents. The weight loss rates of UP-DIs from the decomposition of the UP resin matrix at 300~490°С are reduced substantially. From DTG curves in Fig. 5 , the weight loss rate changes regularly. The higher the DI contents are, the slower the weight loss rate is, indicating that the incorporation of DI into the polymer has significantly reduced the rate of UP polymer decomposition. The temperature of maximum weight loss rate (T d ) of UP-DI series is at 418 °С, slightly higher than 411°С of the pure UP (Tab.1). The UP-DIs produce significant amount of residues compared to the pure UP. At 490 °С, the residues of all UP-DIs are more than 8% and higher than approximately 4% residue of the pure UP. The TG evidence indicates that incorporation of DI into UP can delay the degradation and be in favor of char formation, which is consistent with condensed-phase fire-retardant action.
TG analysis in air
TG experiments were also conducted in an air atmosphere. TG and DTG curves obtained for UP and UP-DIs are shown in Fig. 6 . UP-DIs perform the weight loss at higher temperatures than the case under nitrogen. From TGA curves, two-stage weight loss behavior is observed. The first stage of weight loss is at 300 ~500 °С. The UP sample begins to show significant weight loss slightly above 300 °С and remains 4.3% weight at 500 °С. At 500 °С, all the samples of UP-DIs retain at least 20% of its initial weight. UP-DI5 and UP-DI20 retain 20%, 29.1% of their initial weight compared to 8.6%, 17% under nitrogen.
Fig. 6. TG and DTG curves of UP/SiO 2 hybrids with different DI contents in air.
At the second stage of weight loss from 500 to 650 °С, UP completely loses weight, and UP-DI5 and UP-DI20 leave a residue of 3.8% and 16.1% at 650 °С. DTG curves for UP-DIs show that the decomposition of all these samples is significantly slowed by the incorporation of DI compared with that of the UP. The delay in the polymer decomposition process in the presence of oxygen indicates that DI interferes with the radical attack that propagates the end-chain scission process of UP decomposition.
It was reported that charging silicon into phosphorus-containing epoxy resins could prevent or retard the weight loss of the formed char in a high temperature region through the formation of a silica protecting layer to avert the thermal oxidative degradation of the formed char [24, 25] . Because of the low silicon contents of the UPDIs, the aforementioned phenomenon is not obvious for the UP-DIs, except for UP-DI20. The char yields of the UP-DIs increase with charged DI amounts in nitrogen and air as shown in Tab.1, the synergistic effect of phosphorus and silicon on the enhancement of char formation is still corroborated by the high char yields of the UPDIs. 
Activation energies (E a )
The thermal degradation of UP-DIs can be estimated with kinetic parameters such as activation energy (E a ), pre-exponential factor (A) and reaction order (n) [26] [27] [28] [29] [30] . There are a number of methods for calculation of these kinetic parameters. The more often used methods includes Kissinger (differential method allowing calculation of E a from maximum on DTG curve at several heating rates), Ozawa (method taking into account the true value order reaction), and Krevelen (integral method, reaction order being taken as 1) [29, 30] . Ozawa's method was used here to calculate E a and A for different degradation phase of pure UP and UP-DI. Here, UP-DI10 is chosen to be on behalf of UP-DI. The Ozawa plots for different thermal degradation conversion under air atmosphere are presented in Fig. 7 , and calculation values of E a and A are listed in Tab.2.
The activation energies of pure UP are similar to the reported E a of analogical UP resin [31] . The beginning of thermal degradation, for α=5%, has an E a of 101 kJ/mol. This low value of E a typically corresponds to a depolymerization of styrene that constitutes the micronodules formed in the gelation phase [32] . Polystyrene thermal degradation is dominated by random scission of C-C bonds followed by hydrogen transfer and disproportionation. The inclusion of 10% DI induces the E a at α=5% to decrease to 92 kJ/mol. This relatively low E a maybe originate from the phosphorous group of DI. The result is in accordance with the conclusion that T 5 decreases steadily in TG analysis. As α>5%, E a of pure UP increased from 101 kJ/mol to about 180 kJ/mol. The E a of UP-DI10 is higher than that of pure UP at the same α and increases greatly with an increasing degree of conversion (Tab.2). E a of the 70% weight loss achieves 632 kJ/mol. As previously discussed, the decomposition of the phosphorous and silicon group lead to the formation of a heat-resistant char therefore exhibiting higher E a of thermal degradation. It can be concluded that UP-DIs decompose with more difficulty than the pure UP as α>5% because the addition of DI increases the energy barrier of thermal degradation. 
Tab. 2. Activation energies (E
Conclusions
A triethoxysilane (DI) synthesized from the nucleophilic addition reaction of 9,10-dihydro-9-oxa-10-phosphaphenanthrene 10-oxide (DOPO) and 3-(trieoxysilyl) isocyanate (icteos) was successfully imported into unsaturated polyester resin (UP) to obtain a novel phophorus-containing UP/SiO 2 hybrid nanocomposite (UP-DI). The LOI value was raised from 19 for the pure UP resin to 29 for UP-DI20, demonstrating a significant improvement in the flame retardance of UP-DIs. SEM results showed that better flame retardance was brought from the formation of a more and compact residual layer at high temperature. The thermal degradation behaviors of UP-DIs were investigated with TGA. The importing of DI resulted in great change of thermal decomposition mechanism of UP and the main copolymer decomposition process could be slowed in the presence of oxygen. In air, when 10% DI was imported into UP, the temperature of maximum weight loss rate at the first weight loss stage (T d1 ) or at the second weight loss stage (T d2 ) was higher than pure UP. This was in a good agreement with the results of activation energy. As α>5%, the E a values of UP-DI10 were all higher than that of pure UP at the corresponding α, and increased greatly with an increasing degree of conversion.
Experimental
Materials
UP196 was a unsaturated polyester resin containing 40 wt% styrene with acid value of 45 mgKOH/g, kindly supplied by Guangzhou Better New Materials Co., Ltd. 9,10-Dihydro-9-oxa-10-phosphaphenanthrene 10-oxide (DOPO, trade name of HCA) was supplied by Guangdong Sunstar Science and Trading Co., Ltd. 3-(Triethoxysilyl) isocyanate (icteos) was obtained from GE Chemical Company. Triethylamine, dicumyl peroxide (DCP) and tetrahydrofuran (THF) were analytical grade and used without further purification.
Synthesis of DI
In a four-neck round bottom flask fitted with a stirrer, condenser, nitrogen inlet and thermowell, 2.47 g (0.01 mol) icteos, 2.16 g (0.01 mol) DOPO, 0.04 g triethylamine and 10 ml dichloromethane were added. The mixture reacted at 25 °С for 20 h. A white solid product, named as DOPO-icteos (DI), was obtained after dichloromethane was evaporated by a rotary evaporator. The reaction equation of DI is shown in Scheme 2 [14] .
Scheme 2. Synthesis of DOPO-icteos(DI).
Preparation of UP/SiO 2 hybrid nanocomposites
The mixture containing 20 g UP196, 0.2 g DCP and 4 ml THF was assigned as solution A. The mixture containing different content DI and 8 ml THF was assigned as solution B. Solutions A and B were stirred at room temperature for 0.5 h. After pouring into a steel mold, the mixtures were placed at ambient atmosphere to absorb water for 6 h, and then heated at 110 °С for 2 h, 120 °С for 2 h and 140 °С for 1 h to form UP/SiO 2 hybrid nanocomposites. DI contents were 5, 10 and 20 wt% of UP196, respectively, and the corresponding UP/SiO 2 hybrid nanocomposites are named as UP-DI5, UP-DI10 and UP-DI20. Three nanocomposites were transparent as the pure UP.
Characterization
The limiting oxygen index (LOI) (Fire Testing Technology Ltd, UK) measurements were performed according to ISO4589 (1996) method. Thermogravimetic analysis (TGA) was performed on a NETZSCH TG209 F1 thermal analyzer under either flowing nitrogen or air atmosphere at a heating rate of 5, 10, 20 or 50 °С/min) with the flow rate of 20 ml/min. FTIR spectra were recorded on a Bruker VERTEX 70 FTIR spectrophotometer. The samples were prepared as potassium bromide pellets. The morphology observation of fracture surface and char surface were performed by NOVA NANOSEM 430 scanning electron microscopy (SEM), and EDS analysis was performed using an ADD350+HKL Fast EBSD system using an accelerating voltage of 15 kV.
